Helical deep hole drilling is a process frequently used in industrial applications to produce bores with a large length to diameter ratio. For better cooling and lubrication, the deep drilling oil is fed directly into the bore hole via two internal cooling channels. Due to the inaccessibility of the cutting area, experimental investigations that provide information on the actual machining and cooling behavior are difficult to carry out. In this paper, the distribution of the deep drilling oil is investigated both experimentally and simulatively and the results are evaluated. For the Computational Fluid Dynamics (CFD) simulation, two different turbulence models, i.e. the RANS k-ω-SST and hybrid SAS-SST model, are used and compared. Thereby, the actual used deep drilling oil is modelled instead of using fluid dynamic parameters of water, as is often the case. With the hybrid SAS-SST model, the flow could be analyzed much better than with the RANS k-ω -SST model and thus the processes that take place during helical deep drilling could be simulated with realistic details. Both the experimental and the simulative results show that the deep drilling oil movement is almost exclusively generated by the tool rotation. At the tool's cutting edges and in the flute, the flow velocity drops to zero for the most part, so that no efficient cooling and lubrication could take place there. In addition, cavitation bubbles form and implode, concluding in the assumption that the process heat is not adequately dissipated and the removal of chips is adversely affected, which in turn can affect the service life of the tool and the bore quality.
Introduction
The deep drilling process is used for the production of bores with a large length to diameter ratio for various technological applications, such as cooling channel bores in turbine blades in aerospace engineering, injection technology in automotive engineering, for bone nails and surgical needles in medical technology, in process and in measurement technology (Figure 1) . Depending on the application, processes such as the single-lip or BTA deep hole drilling are used. In comparison, the use of twisted drills can achieve much higher productivity and flexibility [1, 2] . However, there is currently a lack of sound knowledge about the process behavior of complex machining operations, so that appropriate research must be carried out in order to improve process reliability and the resulting workpiece quality [3] . This applies in particular to drilling tools with very small diameters, which includes drills up to d = 5 mm, since the specific cutting edge load increases with decreasing tool diameter [4] . With increasing drilling depth, unfavorable chip shapes and correspondingly unfavorable chip removal can occur, resulting from the relatively small chip space cross-section [4] . Adequate cooling, which reduces mechanical and thermal loads and supports chip removal, is more difficult because the cutting zone is located inside of the workpiece. For this reason, the metal work fluid (MWF) is guided from the rear end of the tool shank to the tool tip through internal coolant channels [5] investigations carried out by using CFD simulation, it can be seen that a sufficient supply of cooling lubricant is not guaranteed in many drilling processes, despite the internal cooling application, leading to subsequent modifications of the tool geometry to improve the cooling quality. In helical drilling, for example, the geometrical properties of the tool's free surface influence the coolant flow and thus also the cooling efficiency [5] .
Another examination of helical twist drilling showed that a modification of the free surface favored the coolant distribution, so that the service life of the tool could be increased by 50 % [6] . Contrary to the usual assumptions that a better coolant supply is achieved by increasing the internal cooling channel diameters, recent studies have shown that this is not the case, since only an increased coolant pressure could contribute to a better cooling efficiency [7] . In tapping, a significantly better coolant distribution was achieved by changing the arrangement of the internal cooling channels, resulting in an improvement of tool performance by almost 40 % [8] .
With a combined simulation approach, it could also be shown that a sufficient coolant supply is not guaranteed for single-lip deep drilling with very small diameters [9] .
All these results show that there is still a lot of research and development work to be done in the field of coolant supply and that the use of CFD is a promising approach for detailed investigations in order to exploit the optimization potential of cutting tools [10] . Figure 1 ; Application areas of deep hole drilling [11] [12] [13] [14] [15] [16] .
Experimental setup and results

Experiment setup
The utilized high-speed chip formation analysis is a newly developed method for a detailed chip formation analysis, which uses high-speed microscopy [17] . The investigations showed that the most favorable chips could be produced at a cutting speed of vc = 70 m/min, a feed rate of f = 0.07 mm and a cooling lubricant pressure of = 80 bar [18] , so these values were used as input data for the CFD simulation.
Experiment results and flow characteristics
The use of transparent acrylic glass and high-speed [6, 7] . Since the choice of a suitable turbulence model is an important aspect of flow analysis [6, 19] and computer performance is 
Turbulence model RANS k-ω-SST
The turbulence model k-ω -SST, according to Menter [20] , is a dual equation vortex viscosity model, which combines the advantages of the standard k-ɛ turbulence model and the standard k-ω turbulence model. Flow areas near walls can be well described with the k-ω turbulence model and the logarithmic flow (wall distant areas) with the k-ɛ turbulence model. The two equation models are added in the k-ω formulation and for the k and ω equations of the k-ω -SST, the following terms for turbulent kinetic energy are obtained:
The specific dissipation rate results in:
The turbulent viscosity can be calculated in relation to k and as follows:
The F2 function is a modeling function that takes the distance to the next wall into account. It limits the turbulent viscosity, has values between zero (large wall distances) and one (small wall distances), so that the predominance Ω only comes into effect in the vicinity of walls. The modelling function F2 is calculated with:
The blending function F1 activates the k-ω turbulence model near the wall and the k-ɛ turbulence model in the free flow: The model coefficients ∅ are calculated using the blending function:
The values of the model coefficients are listed in Table 1 . 
Turbulence model RANS hybrid SAS-SST
The hybrid turbulence model SAS introduced by
Menter et al. is based on the formulation of the RANS-k-ω -SST model and is an extended Unsteady Reynolds Averaged Navier-Stokes (U-RANS) model [21] . 
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In equations 11 and 12, the stress tensor is defined as S:
The values for the constants are listed in So that the apparent viscosity, as is the case with the classic hybrid SAS model [24] , is not too large and the flow fluctuations are calculated as too small [25] , Menter proposed a solution [26] . To stimulate weak instabilities by artificial stochastic velocity fluctuations ,ོ , the source term ོ㶐 , ོ was added to the pulse equation:
To ensure consistency, the cavity term is introduced into the balance of kinetic energy of turbulence [24] :
The velocity fluctuations are calculated according to the approach of the fluctuations by Batten et al. [27] by determining them via the turbulent kinetic energy and the dissipation rate per kinetic energy: [24] : 
CFD modelling and simulation setup
The real helical tool was digitized using an Infinitefocus G5 scanner from Alicona, to subsequently create a realistic fluid model. In order to analyze the tribological load in the contact zone between tool tip and bore ground in detail, the digitized data was imported into the software Geomagic, so that a reverse engineering of the surface profile could carried out and a kinematic imprint of the contact zone could be created with the CAD software SolidWorks CAD [28] . Out of the CAD model, consisting of tool, bore ground (workpiece) and bore wall, a negative model was generated, which corresponds to the fluid domain, and imported into the software ANSYS for further processing. Due to the required high mesh grid quality with a corresponding large number of elements and due to the usage of modern and complex turbulence models, an adequately high computing power was necessary for the CFD calculation.
Therefore, a high performance computing system (HPC) with 64 processors was used.
In order to define the simulation boundary conditions, it is necessary to differentiate the interfaces between the solid and fluid bodies. Therefore, the two internal cooling channels of the helical deep hole drill were defined as an inlet and the flutes as an outlet. A special feature of this study compared to conventional CFD calculations, which use water as an incompressible fluid, is the modeling of deep drilling oil, as it is also used in the real process. The numerical calculation includes the tool rotation and the according movement of the deep drilling oil. The entire simulation boundary conditions for the flow simulation are listed in Table 3 . it is therefore necessary to perform an analytical calculation after the simulation, to determine the dimensionless wall distance (y + value). The density of the used deep drilling oil , the dynamic viscosity v, the wall shear stress and the wall distance , the wall shear stress velocity , the vectorial velocity and the nominated velocity + must be taken into account:
Deep hole drill with internal coolant channels
The y + value of a turbulent boundary layer can be summarized as follows [29] : -Viscous undercoat (y + 
Simulation results and comparison of turbulence models
The [30] [31] [32] . In CFD, vortices are defined as a flow showing a circular, rotating course and dissipating energy.
These vortices form and interact with each other, while their behavior is irregular and chaotic according to the initial and boundary conditions. The stochastic and three-dimensional character shows that the formation of the vortices in a fully developed turbulence is strongly dependent on time [33] . Vortices can be analyzed with some methods, but only the Q criterion, predictor-and the 2 -method are suitable for analysis in transient flows, since the vortices often move in the middle flow field.
The flow field is divided into elliptical and hyperbolic areas. Since the Q criterion assumes that the rotational gradients vary considerably faster than the velocity gradients, the corresponding areas are either compressed or stretched. Kolář gives an overview of the popular vortex-identification methods [34] .
The numerical results show that the highest flow Chip removal also seems to be adversely affected. The kinetic energy used to set the fluid into motion is very low and also subject to the inertia of the deep drilling oil. Only at the precise moment when the deep drilling oil is ejected from the internal cooling channels at high pressure and speed, the fluid gains kinetic energy.
As the pressure increases downstream in the feed direction and friction between tool, workpiece and chip increases, the flow loses kinetic energy. The deep drilling oil is therefore forced away and led out into the free flow. 
Conclusion
In this paper, the behavior of deep drilling oil entirely generated by the tool rotation, which could have a negative influence on chip removal. Based on the results, it could be concluded that the heat generated between the tool, workpiece and chip cannot be dissipated well due to the low flow velocity. In future investigations, the stochastic chip formation and the thermo-mechanical loads will also be taken into account in fluid modelling, so that the entire process can be investigated. It is clear that there is great research potential, especially in the area of tool optimization.
